The coupled wave method (CWM) has been applied to the description of electromagnetic wave propagation in binary optic gratings. The electromagnetic field and the permittivity profile are expanded into two-fold Fourier series. The reflection coefficients of 2D periodical structures have been specified and the ellipsometric angles of discussed shapes have been computed. The theoretical results computed for Si02 and Si3N4 dots are compared with experimental data obtained for the square silicon nitride dots on the Si substrate. The measurements were performed using computer controlled four zone null ellipsometer in spectral range from 240 nm to 700 nm. The influences of 5i02 ultrathin oxidation layer and dot thickness on spectral ellipsometric angles are also discussed.
INTRODUCTION
The lamellar and binary optic periodical structures bring the new possible applications in the integrated optics, magnetic and magneto-optic memories, and in sensor technique ' 2 The special attenuation is at the present devoted to the metallic gratings magnetic dots and nanostructures 6, 7 There are several different approaches to solve the problem of electromagnetic field propagation in periodical systems. The efficient method to calculate the lattice sums for 1D periodic array of line sources 8 the differential theory for anisotropic gratings o and the recursive matrix algorithms for modeling layered diffraction gratings have been presented. The reformulated CWM has been described and applied to isotropic and anisotropic periodical structures (including the metallic gratings) 12-14 and the systematic comparison of the scalar diffraction analysis and CWMhas been published for two dimensional periodic systems 15
The phase modulated spectroscopic ellipsometry (PMSE) is the excellent experimental technique for the specification of optical and geometrical parameters of thin films and multilayer dielectric coatings. This technique has been applied ex situ and in situ for the growth control of transparent films with varying composition [16] [17] [18] The recent advances in PMSE instrumentation are summarized in 19
In the frame of the present paper we specify the possibilities of coupled wave method (CWM) implement as the Fourier modal method (FMM) for the description of electromagnetic wave propagation in 2D gratings. The ellipsometric parameters of diffracted waves calculated using CWM model were compared with experimental results. The measurements have been performed by the PMSE on periodical structures completed by square dots located on Si substrate. a rjpisto@ipc.shizuoka.ac.jp, rstyama@rie.shizuoka.ac.jp; 3-5-1 Johoku, Hamamatsu 432, Japan
THEORETICAL
The coordinate system is introduced in Fig. 1 . We suppose that the grating structure is created by binary modulated (in x-y plane) dielectric layer indexed as v = 1 located on buffer ultrathin layer of Si02 (v = 2). The thickness of the v-th layer is h. The discussed periodic system is sandwiched between two semi-infinite isotropic regions. One of them is the Si substrate (v = 3, z h ); the second air region (superstrate) is specified by v = 0, z 0. Fig. 1 . Periodic structure, coordinate system, and plane of incidence geometry.
FOURIER MODAL METHOD
In the FMM, both the electromagnetic fields and the permittivity function are expanded into two-fold Fourier series, thereby the boundary value problem for a system of partial differential equations is reformulated to an algebraic eigenvalue problem. According to the Floquet-Bloch theorem, the transformed expressions for amplitudes of field components in double periodic medium with period dimensions A, A take the form (we omit for the simplicity both the layer index (v) and Rayleigh mode index q) E (x1 ,x2 ,x3 )= e11 exp{-i(ct11x1 +J3x2 +'yx3)}, (1) where ci., = k1 + XmIAX, = k2 + XnIA, m, n Z (the set of integers), k1 = n0siwpsin, k2 = n0siwpcos. The vector x denotes the modified coordinates as x = (x1,x2,x3) = k0(x,y,z). Moreover, the field propagation in x3 direction characterized by y, which does not follow from the Floquet theorem, has been included. The Fourier transform of the permittivity tensor components can be written
Substituting above expansions (1) and (2) into Maxwell's equations we obtain algebraic system for unknown Fourier coefficients ejmn, hjpj, (j=1, 2, 3), where we apply the multiplications rule for the permittivity and electrical field Fourier series. We introduce in each layer the colunm vectors of Fourier coefficients e and h of the dimension d = (2M+1)(2N+1) with regard to truncated Fourier expansion. On the base oftangential field component continuity we can create the single vector g = (e1, h2, e2, h1). Eliminating e3 and h3 from governing algebraic system we obtain eigenvalue problem of the dimension 4d, the solution of which leads to the eigenvalues q (propagation constants) and square matrix D = (gq), q = 1,. . . ,4d, of corresponding column eigenvectors (eigenpolarizations) in the relevant layer.
Denoting u° , u(s) the 4d-dimensional vectors of amplitude coefficients in the superstrate and substrate, we can express the coupling condition of all layers as u°=M. u where the total matrix of the structure M is the product of transfer and propagation matrices 21 Reflection properties of the measured samples are described by complex ellipsometric ratio (O) (we assume that the incident light is linearly polarized at azimuth & = it/4)
where Q = 1,..., d; the sign "-" respects the negative direction considering z-axis.
In the case of magneto-optical gratings
The application of two last relations brings the possibility to specify the ellipsometric angles ir and A for isotropic and anisotropic binary gratings too. For a structure with magnetic ordering this process has been demonstrated in 20 In the case we know the dispersion curves ofpermittivity we can analyze the spectral ellipsometry data. Derived algorithm was implemented in the Matlab6.O code and operated on standard personal computer with the 733-MHz Pentium 111(R) processor and 128-Mbyte memory.
The free parameters that may be utilized in the synthesis are:
(1) the grating period A x A, (2) the relief depth h, (3) the buffer thickness, and (4) the indices of refraction of substrate, thin films, and periodic structure. 
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EXPERIMENTAL
The experiments were performed using computer controlled four zone null ellipsometer with polarizer-samplecompenzator-analyzer (PSCA) configuration in the spectral region from 240 to 700 nanometers (Fig. 2) . A Xe-Hg lamp was used as a light source. A 10 cm double-grating monochromator combined with a photomultiplier was employed as a null detector. Rochon quartz prism polarizer and analyzer were rotated by stepping motors to adjust a minimal intensity. A four total reflection-type Fresnel rhomb made from two fused silica rods was used as an achromatic quarter wave retarder. The four-zone averaging for two compensator azimuth angles 45° gives high precision measurements insensitive to the compensator, polarizer and analyzer azimuth angle errors and imperfections. Absence of systematic errors is essential for a reasonable determination ofthe unknown parameters. The experiments have been realized under the incidence angles from 65 to 72 degrees for the zero reflected order. The plane of incidence was adjust to be parallel or diagonal to the dot configuration.
The samples -silicon nitride square dots 50 x 50 tm with the same periodicity of 120 tm in x and y direction (Ak, A) -were prepared using standard chemical vapor deposition on single-crystal silicon wafers. The spectral dependences of A ellipsometric angles for binary gratings for the incidence angles q from 65to 72 degrees are collected in Fig. 3 . All measurements in this case have been performed at the geometrical configuration when the plane of incident light was parallel to dot edges. The j angles have been chosen to be close to the values when the modul converges to zero. In this area the sensitivity of experimental setup achieves the maximum.
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The main feature of p1 influence is the decreasing of ellipsometric angles A and for increasing value of p. This tendency indicates that the measurements were realized at the incidence angles less than "pseudo" Brewster angle. The modulation of A spectral shape confirms the coding of output signal by grating relief (see Fig. 4 -planar structure data as comparison). The theoretical model predicts practically neglected effect of the mutual position of the incidence plane and dot geometry (plane of incidence is supposed in the first case to be parallel with dot edges; in the second one this configuration has been oriented diagonally). The differences of relevant values have been analyzed to be less than 0.2 degree for iy parameters. Practically the same values have been obtained by spectral ellipsometry. This effect follows from the relationship of light wavelength and periodicity. For our case the experimental wavelengths are more than two orders shorter as A (Ax) and consequently the influence of angle position of incidence plane is minimal.
The comparison of values measured by spectral ellipsometry and them obtained from theoretical model for binary gratings is shown on the following figures (Figs. 5, 6 ). In the first modeling case the dot material is represented by 5i02 (Fig. 5) ; in the second one by Si3N4. The permittivity dispersion curve of silicon oxide materials for computing has been represented by dielectric function of S°2 (Sellmeier)
where A = 1.1336 and B = 92.61 nm. The optical parameters of Si and Si3N4 have been accepted from Palik 23 Proc. of SPIE Vol. 5259 419 The previous presented papers discuss the ability of CWM method for the specification of electromagnetic field distribution in periodical structures up to periodicity A (Ax) = 10 2 ' Also the number of retained Rayleigh orders ( here M = N) plays an important role. By Turunen and Noponen ' the convergence is somewhat better for the longer period, but in the inclusion of M = N =7-9 orders provides the accuracy of two decimal places, whereas three correct decimal places are obtained if M = N = 13 to 17. Note, that the geometry of our samples is in stark contrast to the mentioned relation between periodicity and wavelength because A/X <200, 500>. The diffracted beam angle difference for zero and 1-st order for limit experimental wavelengths 240 nm and 700 tim arrives only 0.337 and 1 .000 degree, respectively, for incidence angle 70 degrees. The angle change of 0.337 degree generates the beam spot shift on rhomb face in our set-up less than 0.6 mm for the lower limit wavelength. As result it can be as the reason ofthe diffracted order superposition on the detector. The A experimental parameters are characterized by the first minimum at 256 nm followed by maximum (at 306 nm); the position of the second minimum lies around 340 nm. The next maximum can be observed about 425 tim (Fig. 5) .
Computed dependence for 200 nm Si02 dots differs from measured data importantly in the band from 500 to 700 tim. Independently -by interferometry and profilometry -the thickness of dots has been determined to be closely to 240 tim (the differences of the dot thickness specified by two mentioned experimental techniques were less than 1 % in our case). The compatibility between experimental data and theoretical results is higher in the case we approximate the refractive index dispersion of dots by values regarding to Si3N4 (Fig. 6 ). 
CONCLUSIONS
The spectral ellipsometry offers new approaches to the study of geometrical and optical parameters of 2D gratings with relatively high AIX ratio. The theoretical model and experimental results declare the minimal effect of integral factor for our experimental arrangement. The ultrathin oxidation layer and incident angle changes generate the amplitude shifts in values of ellipsometric angles. These facts have to been included in the modeling of 3D periodical systems. The very important are effects created by changes of dot refractive index. The relatively small changes of this parameter substantially modulate spectral distribution of ellipsometric angles. It means that the combination of spectroellipsometry and CWM method brings the possibility to determine the permittivity distribution function of grating materials with high accuracy.
